Aspergillus fumigatus, a pathogenic mould causing a wide range of diseases including aspergillosis, produces a series of toxic substances which appear to act in an additive and/or synergic way on cells. Aspergillosis generally occurs in immunocompromised hosts or is associated with organ transplantation. From the muscul skeleton system the vertebrae, ribs and orbit are the most commonly affected, while the joints are less frequent targets. The cytolytic protein Asphemolysin is one of the toxins produced by Aspergillus fumigatus during infection. It belongs to the aegerolysin protein family and shares 43% identity in amino acid sequence with ostreolysin, a cytolysin from the mushroom Pleurotus ostreatus. In this work, ostreolysin was used in an experimental model to study the in vitro effects of aegerolysin-like proteins on human chondrocytes and osteoblasts. Immunostaining analyses showed selective binding and clustering of the protein on chondrocyte membranes, pointing to its association with distinctive membrane microdomains. Consequently, ostreolysin can induce effective permeabilization of both chondrocytes and osteoblasts. Based on sequence similarities of ostreolysin and Asp-hemolysin, their comparable cytolytic effects towards different cells, and similar signs of intoxication in experimental animals, our results indicate that Asp-hemolysin might be considered as a possible virulence factor of Aspergillus fumigatus during the infection of bone and cartilage.
Introduction
The aegerolysin protein family (Pfam: PF06355; Inter-Pro: IPR 009413) comprises a novel group of small acidic proteins, found so far in bacteria, moulds, mushrooms and plants [1] . Its most studied member is Asp-hemolysin (Asp-HS) produced by the pathogenic mould Aspergillus fumigatus [2, 3] . Asp-HS is hemolytic to different erythrocytes, cytotoxic to macrophages, fibroblasts, leukocytes and endothelial cells in vitro, and lethal to experimental animals [4 Á7 ].
Recently, highly homologous proteins have been discovered and assigned to aegerolysins. The most outstanding examples are aegerolysin from Agrocybe aegerita (black poplar mushroom) [8, 9] , ostreolysin (Oly) and pleurotolysin A (Ply A) from Pleurotus ostreatus (oyster mushroom) [9, 10] , and two Clostridium bifermentans hemolysin-like proteins [11] , showing 44, 43, 41, 38 and 35% aminoacid sequence identity with Asp-HS, respectively. The exact biological function of aegerolysins has yet to be resolved. Oly and aegerolysin are specifically expressed during the formation of primordia and fruiting bodies of mushrooms [8, 9, 12] C. bifermentans hemolysin-like proteins seem to be related to bacterial sporulation [11] , pointing to their putative role in the developmental cycle of the organism that produces them. Interaction with lipids and pore-forming activity is another distinctive feature of certain aegerolysins [5, 9, 10, 13] . Oly was recently shown to be lethal and cardiotoxic to mice when applied intravenously, with a LD 50 of 1,170 mg/kg [14] . Its intoxication signs [14] and histopathological findings (not published) strongly resemble those induced by Asp-HS and compromise perivascular lesions of various degrees in kidney, heart, liver and brain, increase of capillary permeability, contraction of the ileum and cytotoxicity, accompanied by the appropriate biochemical alteration of sera [15, 16] . Asp-HS is thought to be a secretory protein [3, 4] and was also detected in vivo during the experimental infection of mice by spores of A. fumigatus [4] . This opportunistic pathogen causes a wide range of serious diseases, especially invasive aspergillosis that often occurs in immunocompromised subjects, e.g., leukemia, cancer or AIDS patients, and after bone marrow and organ transplantations [17] . Asp-HS was proposed as a pathogenesis-contributing virulence factor that can enhance the development of A. fumigatus infections [4, 15, 16] . This suggestion is reinforced by the finding that anti-Asp-HS IgG can successfully protect mice from the infection induced by the fungal spores [4] .
Osteomyelitis caused by Aspergillus spp. may arise as a result of direct inoculation, spread from contiguous structures, or via haematogenous seeding [18] . There are a number of cases of sternal osteomyelitis and adjacent osteochondritis of the ribs manifesting post-sternotomy [19] , infection of the vertebral bodies and intervertebral discs subsequent to lumbar surgery [20, 21] , and femoral osteomyelitis after operative fixation [22] . Vertebral osteomyelitis resulting from chronic pulmonary aspergillosis with clear evidence of direct spread has been described [23] , as well as in the setting of hematological malignancy [24] , solid organ transplantation [25] , underlying pulmonary aspergillosis [26] , and corticosteroid exposure [27] . Compared to osteomyelitis, septic arthritis is less frequently encountered [18] . Improving our knowledge of putative A. fumigatus virulence factors is thus a prerequisite for the diagnosis of possible infection and for the use of these factors as targets for the design of drugs, vaccines and other specific treatments against this pathogenic fungus.
The use of human cells rather than those from animals is important in order to avoid problems relating to differences between two species. Thus, to expand our knowledge concerning the development of A. fumigatus infection of bone and cartilage tissue, we have conducted in vitro studies of the binding of aegerolysin-like proteins to the cell membrane and their direct lytic effects on human bone and cartilage cells. The above-mentioned effects were evaluated using Oly [9] , an Asp-HS isoform exerting similar hemolytic [5, 13] , cytotoxic [6, 7, 13, 28] , and lethal effects [2, 14, 15] . We therefore assumed Oly as a reliable experimental model to study the toxic effects of Asp-HS during A. fumigatus infection of bone and cartilage.
Materials and methods

Ostreolysin
Oly was isolated from fresh fruiting bodies of P. ostreatus as previously described [9] . Its purity was checked through the use of polyacrylamide gel electrophoresis. The protein concentration was determined spectrophotometrically employing the BCA Protein Assay Reagent (Pierce, USA). After isolation, the protein was desalted and kept frozen ((/208C) in aliquots in deionized water.
Cell isolation and monolayer culturing
Human articular chondrocytes were recovered from cartilage biopsies of five patients who were to undergo autologous chondrocyte implantation. The cartilage tissue was diced into small fragments and digested with 0.05% (w/v) collagenase II (Gibco, Paisley, USA) for 18 h at 378C. The digestion suspension was washed in DMEM/F-12 medium (Gibco, Paisley, USA) with 10% FBS (BioWhittaker, Verviers, Belgium) and gentamicyn (0.05 mg/ml; Gibco, Paisley, USA) by centrifugation (5 min at 300 g ), and the pellet was resuspended in the same culture medium. Cells were seeded in 25 cm 2 culture flasks (TPP; Trasadingen, Switzerland) in monolayers at a concentration of 3,000 cells per cm 2 and cultivated at 378C in a 5% CO 2 atmosphere. Culture medium was exchanged twice per week. After reaching 80Á90% confluence, the cells were harvested by using 0.02% trypsin/EDTA solution (Sigma-Aldrich, St. Louis, MO, USA). Only cells from second passages were used in our experiments.
Isolation and culture of osteoblasts
Material from biopsies taken from dental implant preparation sites was washed in phosphate-buffered saline (PBS), pH 7.2 Á7.4. Bone tissue was cut into small pieces and seeded onto 25 cm 2 culture flasks in 3 ml DMEM/F-12 culture medium (Gibco, Paisley, USA) supplemented with 10% FBS (BioWhittaker, Verviers, Belgium) and gentamicyn (0.05 mg/ml; Gibco, Paisley, USA). Cells were cultivated under controlled conditions, at 378C in a 5% CO 2 atmosphere with media exchanges twice per week. Upon reaching subconfluency, cells were detached using 0.02% trypsin/EDTA solution (Sigma-Aldrich, St. Louis, MO, USA), further cultured in osteogenic medium, consisting of DMEM/F-12 medium supplemented with 10 nM dexamethasone (Sigma-Aldrich, USA), 0.1 mM L-ascorbic acid-2-phosphate (Sigma-Aldrich, USA) and 10 mM b-glycerophosphate (Sigma-Aldrich, USA), and harvested prior to staining.
Flow cytometry after annexin V and propidium iodide staining
In cells treated with Oly, apoptosis and necrosis were measured with annexin V/FITC (BD Pharmingen, USA) and propidium iodide (Sigma-Aldrich, St. Louis, MO, USA). Apoptosis was detected by monitoring expression of phosphatidyl serine on the outer leaflet as an early marker of apoptotic cell death. Phosphatidyl serine was stained with FITC-(fluorescein isothiocyanate) labeled annexin V. Loss of membrane integrity as a consequence of necrosis was detected by propidium iodide staining of DNA.
Chondrocytes in aliquots (100,000 cells in 0.3 ml DMEM/F-12 medium without FBS) were incubated for 1 h with Oly in final concentrations of 0.5, 1, 10 or 50 mg/ml at 378C, centrifuged (250 g , 5 min), resuspended in 2 ml of a medium containing 10% FBS, and recentrifuged. The cell pellet was resuspended in 100 ml of Annexin V Binding Buffer (BD Pharmingen, USA) prepared according to manufacturer's instructions, i.e., 5 ml of annexin V/FITC, 10 ml of propidium iodide solution (50 mg/ml in PBS) and incubated for 15 min in the dark. Analysis was performed using a fluorescence activated cell sorter (FACSCalibur, Becton Dickinson, Sunnyvale, CA, USA). Cells were separated into the following subpopulations; annexin-and propidium iodide-negative (normal viable cells), annexin-negative and propidium iodide-positive (necrotic cells), annexinpositive and propidium iodide-negative (early apoptotic cells) and annexin-and propidium iodide-positive (secondary necrotic cells). Secondary necrotic cells arise from an apoptotic process in culture [29] . Cells in these subgroups were quantified and results are given as percentage of total cell count. Each experiment was performed in duplicate.
Statistics
For determination of significances, the unpaired student t-test was performed between the corresponding groups. Significance levels were marked as follows: *P B/0.05; **P B/0.01; ***P B/ 0.001.
Immunostaining of chondrocytes with ostreolysin
Cells were washed with Earl's balanced salt solution (EBSS) and incubated with Oly (final concentration 1 mg/ml) in EBSS for 30 min at 378C. A small number of lysed cells were washed off during the immunostaining procedure and only live, well adherent cells were immunostained. Cells were washed twice with PBS, and fixed in 4% paraformaldehyde in PBS for 15 min at room temperature. To block non-specific staining, cells were incubated in PBS supplemented with 3% bovine serum albumin and 10% goat serum at 378C for 1 h. The cells were sequentially stained for 2 h with primary antibodies (rabbit polyclonal against Oly, 1:2500) and for 45 min with secondary antibodies (Alexa Fluor 546 goat anti-rabbit IgG, 1:500; Molecular Probes, OR, USA), diluted with 3% bovine serum albumin in PBS, and incubated at 378C. Cells were washed again with PBS and mounted on glass slides with the Light Antifade Kit (Molecular Probes).
Confocal microscopy of immunostained chondrocytes
After incubation with labeled Oly, cells were examined with an inverted Zeiss LSM 510 confocal microscope (oil-immersion objectives 63 )// NA 1.4 and 40 )// NA 1.3). For excitation of the conjugate, Alexa Fluor 546, He/Ne laser (543 nm) was used in combination with a long-pass filter, with a cut off below 560 nm.
Real-time monitoring of cell lysis with ostreolysin
Cells (chondrocytes and osteoblasts), seeded on poly-Llysine-coated cover slips, were placed in a recording chamber on the confocal microscope (Zeiss LSM 510, Germany). Three hundred microliters of recording medium contained 2 mM calcein AM and 4 mM ethidium homodimer (Live/Dead Viability/Cytotoxicity Kit; Molecular Probes, Portland Oregon, USA). In living cells, non-fluorescent cell-permeant calcein AM was enzymatically converted to the green fluorescent calcein by the intracellular esterase activity. EthD-1 enters cells with damaged membranes and undergoes a 40-fold enhancement of red fluorescence upon binding to nucleic acids.
The fluorescence images of calcein-stained live cells and ethidium homodimer (EthD-1)-stained dead cells were acquired through a planapochromatic oil immersion objective )/40 (NA 0/1.3) or )/63 (NA 0/1.4). Calcein was excited by the 488 nm argon laser line and filtered with the BP 505Á530 nm emission filter while EthD-1 was excited by a He/Ne laser at 543 nm and filtered with the 560 nm low pass emission filter. At the beginning of the scanning a lytic concentration of Oly (10 mg/ml) was added to the recording medium. Images were scanned for 47 and 65 min, respectively. The sequential collection mode of image acquisition was used to prevent channel cross talk. 
Results
Flow cytometry after annexin V and propidium iodide staining
For experiments with Oly, cell suspensions were obtained from the monolayers by treatment with trypsin, incubated with different concentrations of Oly and stained with annexin V and propidium iodide. Examples of the distribution of chondrocytes after flow cytometry measurement in subgroups representing different stages of cytotoxicity, is shown in Fig. 1 . Figure 2 shows viable cells, apoptotic cells and late apoptotic or necrotic cells expressed in percentage of total cells. Each value is a result of 4Á5 independent experiments, and each experiment was performed in duplicate. After 1 h incubation of chondrocytes with Oly at a concentration 0.5 mg/ml, no significant decrease was observed in the cell viability. The portion of viable cells decreased after 1 h incubation with Oly concentrations above 0.5 mg/ml; correspondingly, apoptotic and necrotic cells were found to increase. At the concentration of 1 mg/ml, the viability of cells decreased from the initial value of 74.5% to 49.2%. At concentrations of 10 mg/ml and 50 mg/ml, the majority of the cells were apoptotic or necrotic (84.4% and 87%, respectively). The analyses revealed no significant differences in apoptosis after 1 h incubation with Oly at different concentrations.
Analysis of cell viability by confocal microscopy
Confocal images of calcein/EthD-1-stained osteoblasts and chondrocytes showed that the majority of cells were initially stained with green calcein, indicating live cells (Figs. 3A and 4A). About 8 min after addition of Oly (10 mg/ml), a decrease of calcein green fluorescence and a slight increase in EthD-1 red fluorescence (Figs. 3B and 4B) was observed in some cells (a few are indicated by arrows in Figs. 3 and 4) . These results indicated that the plasma membrane and cell integrity had become disrupted, probably due to the formation of Oly-induced pores in cell membrane. The mechanism of this process points to typical colloid-osmotic lysis since we observed that, after initial swelling caused by disruption of the cellular osmotic equilibrium and subsequent influx of the extracellular water, the cells undergo hypo-osmotic shock and cell death. These effects of Oly were similar to those observed with erythrocytes and tumor cells under the light microscope [13] . After 65 min of treatment with Oly, approximately 50% of osteoblasts and after 47 min around 65% of chondrocytes were lysed (Figs. 3C and 4C; red and green fluorescent cells count, respectively, in two parallel experiments).
Immunostaining of chondrocytes with ostreolysin
Alexa Fluor 546 fluorescence, showing a distribution of Oly molecules bound to the chondrocyte cell membrane, was not uniformly distributed over the surface of the cell, but rather was concentrated in many focal clusters (Fig. 5 ). This pattern of membrane binding suggests that Oly specifically recognizes and binds to distinct areas at the surface of chondrocyte plasma membrane, as already suggested for its binding on artificial lipid vesicles [28, 30] 
Discussion
In the last few decades, Aspergillus fumigatus has become the most common etiologic agent of airborne infections, causing allergic reactions and deadly systemic diseases like invasive aspergillosis [31, 32] . The latter is the major cause of death in patients undergoing bone marrow and solid organ transplantation, especially after drastic immunosuppressive therapies [17] .
Putative A. fumigatus virulence factors include several cell wall components, allergens, pigments, adhesins, enzymes and toxins, whose role in the development of infections seem to be additive and/or synergistic. Toxins found so far in A. fumigatus include primarily toxic RNase [33] , secondary metabolites such as immunosuppressive agent gliotoxin [34] , and a hemolytic protein, Asp-HS [2] . A. fumigatus infections seem to be under polygenetic control and are the consequence of many virulence factors acting in concert. In addition, different strains of A. fumigatus show tremendous qualitative and quantitative differences in their production and composition of the suggested virulence factors, including Asp-HS [31] .
Although it has been detected during the experimental infections in vivo and, although anti-Asp-HS antibodies can protect mice from infection with A. fumigatus spores [4] , studies demonstrating the direct contribution of Asp-HS in the pathogenesis of aspergillosis have not been reported. Rather Asp-HS has been suggested to have a role in potentiating the other virulence mechanisms [31] . We have found that Oly, an Asp-HS isoform found in spores and young fruiting bodies of oyster mushroom [12] , which has cytolytic and hemolytic properties comparable to those of Asp-HS [13] , can effectively lyse both chondrocytes and osteoblasts if applied to these types of cells. Bone and cartilage cells seem to be highly susceptible to Olyinduced lysis. The 1-h IC 50 for chondrocytes was shown to be approximately 1 mg/ml (Fig. 2 ), which is comparable to its activity towards erythrocytes and about ten folds lower than the 2-h IC 50 obtained with certain tumor cells [13] . The time-course of permeabilization of both chondrocytes ( Fig. 3 ) and osteoblasts ( Fig. 4 ) are typical of a colloid-osmotic mechanism. It is indicative that cytolytic effects on osteoblasts and chondrocytes (Figs. 1Á4), as well as other tissue cells and erythrocytes [13, 28] caused by aegerolysin-like proteins, can considerably contribute to the pathogenicity of A. fumigatus during infection. Furthermore, when bound to the chondrocyte membrane in its sublytic concentration, Oly seems to concentrate in distinctive membrane regions that can be clearly visualized using the fluorescently labeled antibodies (Fig. 5) . Recent experiments showing specific interaction of this protein with cholesterol-rich membrane domains, its presence in detergent-resistant membranes [28] , and preference for membrane lipid domains existing in a liquid-ordered state [30] suggest Oly as a specific raft-binding protein. The existence of cholesterol-rich lipid rafts, i.e., membrane domains involved in cell signaling, endocytosis and attachment of several ligands including toxins and pathogens [35 Á38 ] has been reported in several living cells. In osteoblasts, cholesterol-rich plasma membrane microdomains may additionally serve in the mechanotransduction process [39] , while intact lipid rafts in chondrocytes are required for the response of the costochondral cartilage growth zone cells [40] . Selective binding and clustering of Oly on chondrocyte membranes, combined with results obtained with artificial membranes [28, 30] and Chinese hamster ovary cells [28; H.H. Chowdhury et al ., unpublished results], indicate that these cell membrane domains probably serve as attachment sites for aegerolysin-like proteins, leading to their aggregation and formation of the pore. This feature probably also allows the lysis of other tissue cells during infection. In fact, the observed hyperkalaemia and the increased hematocrit following the IV injection of Oly in mice may result from hemolysis, cellular damage, and the escape of intravascular fluid [14] .
In conclusion, using an Asp-HS isoform ostreolysin, we have demonstrated that besides being hemolytic, this aegerolysin-like protein can induce effective permeabilization of both chondrocytes and osteoblasts. Although its role might not be crucial for the development of infection, this lethal secretory protein could be considered as possible virulence factor of A. fumigatus in bone and cartilage tissue infections. Animal models, in fact, indicate that besides the classical treatment with amphotericine, the use of anti-Asp-HS IgG could be one of the strategies to protect immunocompromised patients from A. fumigatus infection.
